The chromatin structure of the Igf2 and H19 ICR in vivo was investigated in mouse primary embryo fibroblasts (PEFs) that carry only maternally or paternally inherited copies of the distal chromosome 7 region on which these genes reside (MatDup.d7 and PatDup.d7, respectively). In MatDup.d7 embryos, on each of the two distal chromosome 7 regions, Igf2 is silent whereas H19 is active in cis, and in PatDup.d7 embryos, the opposite is true [7] . PEFs were first treated with DNase I, dimethyl sulfate (DMS) or ultraviolet (UV) light. The modification of DNA by these reagents is sensitive to bound protein, and areas of protein-DNA interaction show as footprints on ligation-mediated-PCR (LMPCR) genomic sequencing ladders. LMPCR analysis of DNA treated with these reagents after its isolation from PEFs, or in vitro analysis, served as a reference.
Evidence for protein binding at all four of the 21 bp repeats of the maternally derived ICR was obtained using all three types of in vivo treatment. Following DNase I treatment, MatDup.d7 PEFs displayed a prominent footprint after LMPCR over a large area within and adjacent to the repeat ( Figure 1 ; compare lanes 3,4). In contrast, PatDup.d7 PEFs showed no such area of protection (compare lanes 5, 6) . Following DMS treatment, MatDup.d7 PEFs displayed a number of A and G residues of much higher or lower relative intensity within and adjacent to the repeats (compare lanes 7, 8) whereas no footprints were observed for PatDup.d7 PEFs (compare lanes 9,10). Following treatment with UV light, MatDup.d7 PEFs showed a number of C and T bands of much higher or lower relative intensity within and adjacent to the repeats (6-4 photoproducts, compare lanes 11,12; pyrimidine dimers, compare lanes 15,16) whereas no footprints were observed for PatDup.d7 PEFs (compare lanes 14,18 with 13,17, respectively). Similar results were obtained for the other strands of these three repeats and for both strands of the fourth repeat (data not shown) and all data obtained are summarized in Figure 2b . Inspection of the sites at which we observed protein binding revealed that all four possess a likely binding site for the zinc finger protein CTCF, as previously defined for vertebrate insulators [6] (see alignment in Figure 2c ). Insulator elements have been found to lie between independently regulated genes and act to prevent interactions of genes with inappropriate enhancers [6, 8] . CTCF-DNA binding is required for function of insulators of the chicken β-globin and human T cell receptor α/δ genes, and copy number enhances the activity of the chicken β-globin insulator in vitro [6] . Therefore, the presence of protein binding at each of four putative CTCF sites in the maternally derived ICR strongly suggests that it functions as an insulator element in regulating mutually exclusive expression of Igf2 and H19 in cis. The Igf2 gene lies proximal to the ICR, with the H19 gene and a shared set of enhancers lying distal. Thus, as in a previously proposed model [9] , by virtue of this location, the ICR/insulator may prevent Igf2 from interacting with the shared enhancers while, at the same time, allowing H19 enhancer access.
The lack of in vivo footprints at the four putative CTCFbinding sites of the paternally derived ICR suggests that it lacks insulator activity. It is possible that protein binding at these sites may be inhibited by the presence of DNA methylation. Each site contains at least two CpGs (Figure 2c ) and methylation of these sites in midgestation embryos has been previously described [1] . Also, we observed methylation at these CpGs in PatDup.d7 PEFs (Figure 1 , compare lanes 13 with 11, and 5 with 3). These results are consistent with a previously proposed model in which the paternal ICR lacks insulator activity because of methylation [9] . In this model, for paternal alleles, Igf2 is allowed enhancer access and H19 is repressed because of spreading of methylation from the ICR into the promoter. We found that, whereas the maternal H19 promoter is occupied by a set of transcription factors, the paternal promoter is packaged into rotationally positioned nucleosomes ( Figure 3 ). Such a chromatin structure of the promoter is repressive as it can contribute directly to the exclusion of transcriptional machinery [10, 11] . Therefore, it probably plays an important role in the repression of the paternal H19 allele. In this instance, it appears to represent a maturation of chromatin structure as it was not observed for the paternal H19 promoter in mouse embryonic stem cells [12] . Based on the observation that the chicken β-globin insulator sequence is protective against heterochromatinization in Drosophila and human cells [13] , the maternal ICR may also function as a 'barrier' [14] to heterochromatinization. The insulator model of ICR function [9] incorporating our present findings is given in Figure 4 .
Our results provide a possible explanation for the observation that a segment of the mouse ICR (see Figure 2a ) 
Figure 1
In vivo footprinting of ICR repeats. LMPCR was performed as described previously [12, 16] . Figure 2 ) and triangles) C and T bands were visualized [17] . Methylation at TCG and CCG trinucleotides results in an absence of bands after UV treatment because of the inhibition of 6-4 photoproduct formation [18] , and CpGs where methylation could be discerned are indicated (M). For PEF derivation, MatDup.d7 and PatDup.d7 embryos at 13.5 days post coitum (dpc) were obtained as described previously [7] except that the latter were rescued from death at 10.5 dpc by the introduction of a functional mammalian achaete-scute homologue 2 (Mash2) transgene (A.R. and J.R.M., unpublished data). PEFs from normal embryos exhibited strict parental-specific expression of Igf2, H19 and other imprinted genes (P.E.S. and J.R.M., unpublished data).
acts as a bidirectional silencer when introduced into Drosophila melanogaster [15] , an organism that lacks DNA methylation. It is plausible that binding of a Drosophila protein to the ICR repeats could impart silencer function. That the ICR does not behave like an insulator in this system may be due to the lack of an appropriate interaction of the binding protein with a modifier. In Drosophila, the zinc-finger protein suppressor of Hairy-wing (Su(Hw)) is responsible for the insulator activity of the gypsy DNA element and this activity is dependent on the presence of the modifier of mdg4 (Mod(mdg4)) protein.
This modifier interacts directly with Su(Hw) and, in its absence, the Su(Hw)-gypsy interaction has bidirectional silencer rather than insulator activity [8] .
It is possible that maternal-specific ICR protein binding could be set up in the female germ line where oocyte-specific expression of the binding protein may inhibit the deposition of methylation as occurs in the male germ line. The protein-DNA interaction would therefore constitute a primary imprint [12] . Wide expression of CTCF and its involvement in the regulation of numerous genes [5, 6] argues against such a role for this particular protein. It is, however, likely that CTCF-mediated insulator activity may require the participation of other proteins as does Su(Hw)-mediated insulator activity in Drosophila [6] , and Brief Communication 609 [3] . Maternal inheritance of a deletion in the ICR (rectangle) causes activation of Igf2 and downregulation of H19 in cis, whereas its paternal inheritance causes activation of H19 and downregulation of Igf2 in cis [2] . The ICR acts as a silencer in Drosophila [15] . The shortest region exhibiting silencer function is indicted (bar). (b) Summary of in vivo footprinting as described in the text and in Figure 1 . Regions of sequence containing the four (I-IV) 21 bp repeats (green bar) are shown.
Upper and lower strands of each repeat were analyzed. The upper line of the sequence is in the 5′ to 3′ direction, and distance from the H19 transcription start site is given in base pairs. Prominent footprints are indicated by symbols as described in the legend to Figure 1 except that open symbols are now yellow and closed symbols are now red. (c) Subregion of the sequence shown in (b) at which footprints were congregated. The sequence was aligned with the CTCF-binding site of the insulators of the chicken β-globin and human T-cell receptor α/δ (BEAD-A) genes [6] , revealing a common motif in repeats I-IV, which is likely to be a binding site for mouse CTCF (residues in blue). The 21 bp repeat is indicated by the bar (above), and the 14 bp deletion that disrupts chicken β-globin insulator function and CTCF binding [6] is indicated by the bar and open triangle (below). CpGs within the putative CTCF-binding sites I-IV are indicated (yellow diamonds). 
Figure 3
In vivo footprinting of the H19 promoter. The lower strand is shown. Distance in nucleotides from the H19 transcription start site and binding sites for common transcription factors are indicated (left of lane 1). All other details are as described in Figure 1 . A periodicity of DNase I hypersensitive sites specific to the paternal promoter is indicated (arrows), showing that it is occupied by rotationally positioned nucleosomes. Other footprints were located exclusively on the maternal promoter and provide further evidence for maternalspecific transcription factor binding [12] . these modifiers may exhibit more specific modes of expression and provide another level of control. It remains possible that methylation of the ICR in the male germ line is the primary imprinting event and this requires a methylation mechanism specific to male germ-cell development. Further insights into the possible roles of DNA modifications by protein binding and methylation in genomic imprinting should be obtained by an investigation of these phenomena in the germ cell lineages.
Supplementary material
Supplementary material including the sequences of oligonucleotides used is available at http://current-biology.com/supmat/supmatin.htm.
Figure 4
Insulator model for the regulation of Igf2 and H19 expression in cis. Maternal chromosome (M): CTCF (red ovals) binds to four repeat sites in the ICR. A DNase I hypersensitive region (vertical arrows) is located just 5′ of the CTCF-binding region ( [12] and data not shown), suggesting the presence of a polymer insulator structure. Other proteins (blue circles) might be necessary for this structure and could be gene-, tissue-, developmental stage-, and species-specific modifiers of CTCF function. UV dimer formation is sensitive to DNA bending and UV dimer-induced footprints were often observed next to DNase I footprints (see Figure 2b) , suggesting that DNA could be looped out between the insulator binding sites (loops below red ovals). The insulator prevents Igf2 from interacting with its enhancers (open circles) and only H19 gains enhancer access. The promoter is bound by several transcription factors (purple, green and blue ovals) ( [12] and Figure 3 ). Paternal chromosome (P): methylation (closed circles on stems) inhibits CTCF binding, the region lacks insulator activity, and Igf2 is thereby able to interact with its enhancers. Methylation in the ICR spreads to the H19 promoter and may inhibit transcription factor binding. The promoter is occupied by rotationally positioned nucleosomes (striped yellow rectangles; Figure 3 ). 
